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Four viscous water flooding tests were performed in a 
lG~ft«long? 2,5~in«diara (2.hhl~in ID) steel tube containing 
175 average mesh unconsolidated sand. A normal water flood­
ing test was also performed to provide a comparison with 
viscous water flooding.
!' High-viscosity crude oil and filtered tap water were 
used to establish the oil and connate water saturations in 
the unconsolidated sand core. Polymer solutions at different 
concentrations were employed as the displacing fluids at 
different flow rates.
The test results showed that some polymer from the 
solutions would be retained by the sand. It was observed 
that polymer losses in the sand and mixing of the polymer 
with connate water created a low-viscosity water bank ahead 
of the original polymer solution. This caused fingering of 
the polymer solution and an early breakthrough of water.
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However, in all viscous water flooding tests, the oil 
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Mobility control of the displacing fluid in secondary 
recovery projects has been a research subject for many year 
Mobility can be controlled by increasing the viscosity of 
the displacing fluid, or by decreasing the effective perinea 
bility of the porous media to the displacing fluid, or both 
In past years, materials such as glycerin, sugar, and 
alcohol were added to the injection v/ater as viscosity- 
increasing agents, but the costs of these materials made 
recovery of the crude oil uneconomical.
In recent years, the use of natural and synthetic poly 
mers in secondary recovery projects has become important. 
The use of natural polymers was abandoned because of high 
polymer losses in the porous media. However, laboratory 
investigations and pilot field tests on some synthetic poly 
mers have shown a promising future for use of this type of 
material as a mobility control agent in displacing fluids.
1
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This pspep investigates the effect of the polymer 
ccncentration in the displacing water on the recovery 
of the oil at different flow rates in essence of the 
connate v/ater saturation in the porous medium*
Previous Studies 
The first laboratory studies done by Pye (1) showed that 
certain polymers could have an effective viscosity in the 
porous media 5 to 25 times higher than that measured in con­
ventional viscometers* He termed the property of having 
increased viscosity in the core 15polymer resistance factor5 
assuming that the permeability was constant and there was no 
permeability reduction because of the polymer flow*
However, this increased viscosity or resistance to flow 
was attributed by some investigators to the permeability 
reduction in the cores due to polymer losses through the 
porous media* Burcik (2) pointed out that the polymer in 
the solution was retained within the pores of the sandstone, 
since the original permeability was never obtained even 
after more than 100 pore volumes of brine were passed 
through the sandstone* He concluded that the excessive 
decrease in water mobility was due to a strong adsorption 
or to a mechanical entrapment of the polymer within the pore 
structure* Sandi.fo.rd (5) studied the behavior of a different
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kind of water-soluble polymer* Kis work showed that many 
water-soluble polymers were not suitable, because they 
plugged the pores completely or almost completely, and the 
flow of water and oil became impossible, Gogarty (if) also 
showed the entrapment of the polymer in a sandstone core*
He obtained within 70 to 80 percent of the original core 
permeabilities after several hundred pore volumes of water 
passed the cores. Studies by Mungan and others (5) exhibited 
permeability reductions after flow of polyethylene oxide 
solutions through sintered glass disks. Permeability reduc­
tions were greater with disks of small pore openings and 
with polymers of high molecular weights. They obtained 
greater mobility reductions with polyacrylamides. Along with 
their low mobilities, these solutions reduced the permea­
bilities of the Alundum plugs to the permeability of water 
following the polymer solutions* Dauben and Menzie*s (6) 
studies showed that the mobility of low-concentration poly­
ethylene oxide solutions in porous media at certain con­
ditions was lower than the mobility predicted by solution 
viscosity measurements. The polymer solutions did not plug 
the pores; therefore low mobility was explained as an 
anomalous effect*
Early studies of Russell, Morgan, and liuskat (7) showed 
the possible mobility of connate water in water flooding*
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Their experimental results showed that from 80 to 90 percent 
of connate water was producible after only one pore volume of 
water was injected. Brown*s study (8) on mobility of connate 
water also indicated that connate water was mobile during 
the flooding. Kelley and Caudle (9) used polymer solutions 
as displacing fluids in 250-300 mesh sand packed in a 
10-ft-long, i/2-in~diam nylon tube and showed that 8if.5 
percent of the recoverable oil was produced before water 
breakthrough. Then, oil and connate water were produced at 
an increasing water-oil ratio until the viscous injection 
water broke through. At viscous water breakthrough, 9b 
percent of the original connate water had been produced.
Jones (10) gave a case history for the Vernon reservoir in 
eastern Kansas: the polymer solution did not seem to be
affected significantly by the low-connate water saturation 
in the Vernon reservoir; however, production of the diluted 
injected water occurred.
Purpose and Scope
um n i .w.-m n w ir— lie iuvutm mrn
Because an inadequate number of studies had been con­
ducted with connate water and high-viscosity crude oil 
saturations, it was decided to perform tests in this area.
The objectives of the research were to determine
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1. The shape of the displacement front,
2. The effect of connate water on displacement, and
3. The effect of polymer adsorption, polymer concen­
tration, and flow rate on the oil recovery.
Mobility ratio is defined herein as the ratio of the
displacing fluid to the displaced fluid mobility. If the
mobility ratio is greater than one, the displacing fluid, 
which is more mobile than the displaced fluid, would finger 
through the displaced fluid zone, resulting in poor recovery 
and early breakthrough of the displacing fluid. If the 
mobility ratio is one or less, the displacement occurs in a 
more favorable, piston-like fashion.
The capillary pressure-saturation relationship gives 
the saturations of the flowing fluids with respect to the 
capillary pressure, and also gives the connate water satura­
tion for that particular porous medium-. Since it is possible 
to measure the capillary pressure continuously during the 
displacement process, one can predict the shape of the flood 
front by matching capillary pressure readings with a pre­
determined capillary pressure-saturation curve obtained from 
a small sample. If the displacement occurs in pistonlike 
fashion,, a sudden change in the capillary pressure reading 
will be seen. If the displacement is not pistonlike, 
slowly decreasing capillary pressure readings will be seen.
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Because connate water has higher mobility than high- 
viscosity crude oil, the connate water would move more 
rapidly than the oil and become producible, or it v/ould mix 
with polymer solution and create a low-viscosity water bank 
in front of the original viscous water* If this mixing 
occurs, early water breakthrough can be expected.
Investigations of the effect of connate water on vis­
cous water flooding are not recorded in the past literature. 
A few experiments were done using unconsolidated long-sand 
cores. Adsorption of the polymer was observed in investi­
gations which were conducted in short sandstone cores.
Since the effect of connate water and adsorption or 
dilution of the polymer could be more effectively observed 
in long cores, a 10-ft-long unconsolidated sand core was 




Figure 1 is a schematic diagram of the apparatus used 
in the experimental work,
A 2,5~in nominal size (2.Mfl-in ID) 10-ft-long steel 
tube was employed as the core holder. Two pipe caps with 
1/8-in NPT female openings were used to prevent the sand 
from flowing out. Fittings to hold small porcelain disks 
were attached to the core holder as shown in figure 1.
Four mercury manometers were connected to these fittings to 
measure capillary pressures. Three A.5~liter~capacity 
pressure vessels and one 15-liter-capacity water tank were 
connected to the core holder. Brass needle valves and 
1/if-in copper tubing were used in connections.
A small sand filter was attached to the water tank to 
filter the tap water,
A dry nitrogen gas bottle was used as a constant pressure 
supply. Different sizes of modified Ostwald viscometers and
7
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a rotational type Fann Model 35 viscometer were used to 
measure the fluid viscosities.
The capillary pressure device which was used in the 
capillary pressure tests on small samples is shown in figure 
2.
Materials Used in the Test3 
The porous medium was prepared from 175 average mesh 
sand, which was washed before the tests with carbon tetra­
chloride and water and dried in a 240°F oven for 1.5 days.
A thin sheet of glass wool was placed in the pipe caps. A 
viscous crude oil and filtered tap water were used to 
saturate the unconsolidated sand.
Pusher-500 mobility control agent, manufactured by the 
Dow Chemical Company, was used in preparing viscous water 
solutions at different polymer concentrations.
Test Procedure
Average porosity measurements were made on small samples. 
The results are given in table 1. The average porosity of 
33.54 percent was assumed to remain constant in all tests. 
Viscosities of the fluids employed in the tests were 
measured in modified Ostwald viscometers at different tem­
peratures by using a constant-temperature water bath.
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Shear rate-shear stress relationships were obtained for 
different polymer solutions, by using a rotational-type 
Farm.Model 35 viscometer.
The polymer solutions were prepared by mixing Pusher-500 
powder with water and by stirring for 1/2-hour and 3-hour 
periods.
The capillary pressure tests for the porous media were 
made on small samples, prepared by packing and saturating 
sand in 2.5-in-diam Incite tubing. One end of the Incite 
tubing was plugged by an unglazed porcelain disk, as shown 
in figure 2. The crude oil was injected from an oil reser­
voir into the 100 percent water-saturated sand. The water 
efflux which passed through the porcelain disk was collected 
in a burette. When no more water efflux came from the por­
celain disk, the air pressure applied to the crude oil was 
increased. This procedure was followed until the crude oil 
started to enter the water-saturated porcelain disk. At 
each pressure step, the water and oil saturations in the 
sample were calculated. Some capillary pressure curves were 
obtained between water and oil with this method.
In test number 1, which was conventional water flooding, 
the sand was packed by pouring it into the half-water filled 
steel core holder. The steel core holder v/as shaken and 
hammered from outside the core holder. After the sand v/as
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saturated with oil, the displacement test was done at 1*00 
psig.
For tests number 2 through number 5> which were vis­
cous water flooding tests, the sand was packed dry. Air 
was evacuated from the sand by applying vacuum at one end 
while water entered from the other end at a low flow rate.
The water in the vertically placed core holder was displaced 
by oil at 3*f. psig in all of the four viscous water flooding 
tests.
The solution viscosities and pressure differences 
employed in the displacement tests are shown in table 3* In 
test number 2 and test number 3,'polymer solutions stirred 
for 1/2 hour, were used; in test number k and test number 5, 
polymer solutions stirred for 3 hours were used.
The effluxes from each test were collected in 250-ml 
graduated cylinders which were replaced at 1/2-hour inter­
vals at the beginning and at 1-hour intervals toward the end 
of the tests. Also, the manometer readings were recorded at 
the same time intervals. The effluxes in graduated cylinders 
were allowed to stand for at least 2i* hours for complete 
separation of crude oil and polymer solutions before deter­
mining their viscosities. In each viscous water flooding 
test, the viscosity of the polymer solution v/as measured on 
two samples taken from the tank before and after pressure was
T 1155 11
applied*
After each test, the tank containing the polymer solution 
was washed and then dried with compressed air for two days.
T 1155
RESULTS
All relevant data and calculated information are tab­
ulated in tables 1 through 12 and illustrated in figures 1 
through 22, pages 25 through 57 of the appendix.
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INTERPRETATION OF RESULTS
It is known that polymer molecules dissolve in water by 
means of hydrogen bonding* Figure 5 shov/s that solutions 
which have the same polymer concentrations have different 
viscosities for two different stirring periods. Polymer 
solutions stirred for longer periods (3 hours) had higher 
viscosities than those stirred for shorter periods (1/2 
hour). This difference in viscosities increased with increas­
ing polymer concentrations. This effect was probably due to 
better hydrogen bonding which was obtained with a longer 
stirring period*
Figure 6 shows the effect of temperature on polymer 
solution viscosities. Both solutions had polymer concentra­
tions of 0.5 percent by weight, but were stirred for differ­
ent time periods. Both solutions showed almost the same 
viscosity change for 20°F temperature change. Figure k 
shows the change in water viscosity at different temperatures* 
If figure 6 is compared with figure h9 the effect of polymer
13
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additive on water viscosity-temperature relationship can 
easily be observed: probably only the non-Newtonian part
(dissolved polymer molecules) controls the viscosity of the 
solution at different temperatures.
It is also observed that the applied pressure will 
change the viscosity of a polymer solution. The polymer 
solution viscosities measured before and after the pressure 
applied at each viscous water flooding test are shown in 
table 3. The change in solution viscosities v/as betv/een 55 
and 75 centipoises and is attributed to molecular deforma­
tion of the polymer solution.
Figure 7 shows the pseudo-plastic behavior of the dif­
ferent polymer solutions. The shear stress dependency on 
shear rate increased with increased polymer concentration.
The apparent relative viscosity of 0,5 percent polymer solu­
tion decreased more rapidly than that of 0,1 percent polymer 
solution when the rate of shear was increased. This indi­
cates that at lower polymer concentrations (0,1 percent or 
less) the Newtonian solvent water determines the flow 
behavior. At higher polymer concentrations, the non-Newtonian 
dissolved polymer molecules determine the flow behavior. 
Capillary pressure-saturation relationship tests did 
not give reliable results in small samples. The procedure 
explained in "Test Procedure11 of this paper was followed,
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Since the sand v/as unconsolidated, the water in the sand 
started to flow through the unglazed porcelain disk at low 
pressure* At this low pressure difference between inlet 
and outlet (porcelain disk), the v/ater saturation decreased 
to the connate water saturation. Figure 8 shov/s that 
between 0.6if and 0.85 psig the water saturation decreased 
to the connate water saturation, which was approximately 
25 percent. However, this connate v/ater saturation and the 
others which existed in the long core did not match, probably 
because the greater gravity effect and pressure difference 
in the long core lowered the connate water saturation.
Tests of capillary pressure between polymer solution and 
crude oil were unsuccessful because the porcelain disks 
were plugged by the polymer.
The unglazed porcelain did not have a high displacement 
pressure. During the displacement tests the porcelain plugs 
gave passage to fluids which did not saturate them originally. ‘ 
For this reason, the capillary pressure measurements along 
the long core were unsuccessful.
Darcy’s equation is generally used to describe fluid 
flow in a linear porous medium:
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q = flow rate A = cross-sectional area
k = permeability L = length
y = viscosity AP = pressure drop
With a non-Newtonian fluid there are two general 
problems in the use of the Darcy’s equation:
1. There is no fixed value assigned to viscosity
2. There is no certain- permeability value for the 
polymer solutions, since the permeability does not 
remain constant due to polymer losses*
The measured efflux viscosities proved that there was 
a low-visccsity water bank behind the flood front during the 
displacement tests* Figures lh to 17 show that the efflux 
viscosities increased continuously, but never reached the 
injected fluid viscosity even after more than one pore volume 
of displacing fluid had been injected* The highest efflux 
viscosities obtained from each viscous water flooding test 
are shown in table 3.
There are two explanations for the existence of the 
low-viscosity water bank:
1. Polymer solution mixed with connate water,
2* The adsorprnent and mechanical entrapment of the 
polymer from the solutions occurred in the core.
In tests number 3 and 5 there was connate water produc­
tion when the displacement was started. The connate water
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production stopped and later began to flow continuously. In 
the early hours of the displacement tests, water production 
was low and efflux viscosity could not be measured. There­
fore, it was assumed that shortly after v/ater breakthrough 
there was a vex̂ y low-viscosity water bank, or probably a 
connate water bank, behind the flood front. This very low- 
viscosity v/ater bank was followed by a diluted and adsorbed 
polymer solution which showed increasing viscosity toward 
the end of each test.
This assumption indicates that the early stages of the 
displacement tests were conventional water displacement 
followed by viscous water flooding.
It is seen in figures 19 through 22 that the slope of 
the water-oil ratio curve increased to a certain value 
rapidly, then increased more slowly, and toward the end of 
each test, again increased rapidly. If slopes of the water- 
oil ratio curves are compared v/ith slopes of the efflux 
viscosity curves (see figures lh through 17), it will be 
seen that the slowly increasing water-oil ratios were due 
to the increased viscosities of the displacing fluids which 
lowered the mobility ratio.
The v/ater-oil ratio curves also explain the situation 
behind the flood front. The rapid increase of water-oil 
ratios were caused by the conventional water floodings
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which existed at early stages of the tests. The slowly 
increasing water-oil ratios probably represented the mixing 
zone where already adsorbed polymer mixed with connate water 
and became diluted.
The adsorpment and mechanical entrapment of the polymer 
from the solution was observed in all of the four viscous 
water flooding tests. The efflux viscosities are tabulated 
in tables 9 through 12, and illustrated in figures lk through 
17.
The viscous water flooding tests proved that there would 
be a conventional v/ater displacement at the beginning, but 
that overall oil recovery would be higher than in conven­
tional water flooding. Tables ^through 8 tabulate and 
figures 9 through 13 illustrate the oil recovery for each 
test.
In test number 1, which was conventional water flooding, 
the recovery was 36 percent of the original oil in place 
after one pore volume of displacing fluid was injected.
In tests number 2 through 5» v/hich were viscous water 
floodings, the oil recoveries were 86, 82, 79> and 8̂- per­
cent of the original oil in place after one pore volume of 
displacing fluid was injected.
In test number 5, the prepared polymer solution (0.5 
percent by weight and 3 hours stirred) had the highest
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viscosity compared with the solutions which were used in other 
tests. However, the oil recovery was less than that obtained 
from test number 2. But when the efflux viscosities of these 
two tests are compared, it is seen that the low-viscosity 
v/ater bank had higher viscosities in test number 2. Probably 
in test number 5 the adsorpment and mechanical entrapment of 




From the results of this study, the following conclusions 
are drawn:
1. . The effective viscosity of the polymer solution In
the porous medium is a function of rate of flow, 
rate of mixing with connate water, and rate of ad­
sorpment and mechanical entrapment.
2. Oil recovery obtained by use of polymer solutions 
may be expected to be higher than that obtained by 
conventional v/ater flooding.
5« Adsorpment and mechanical entrapment of the polymer 
occurs in the porous medium.
A. The polymer solution deforms under pressure, and 
the temperature effect is important in reservoirs.
5. A connate water and low-viscosity water bank may be 
expected to exist in front of the original injected 
solution. This creates fingering and early break­
through of the displacing fluid in the porous medium.
20
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6, A high connate water production may be expected- at 
high connate water saturations.
T 1155
RECOMMENDATIONS
Since the low-viscosity water bank existed behind the 
front, the displacement tests in this research resulted in
a conventional water flooding followed by a high- vis c o si t y 
water flooding. Additional viscous water flooding tests are 
recommended to be performed in previously* v/ater-driven porous 
medium so that a comparison can be made between these research 
results and those obtained from additional tests®
22
APPENDIX
Tables: pages Zk through 55 
Figures: pages 56 through 57
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V/ATER EFFLUX VISCOSITY OF VISCOUS 
WATER FLOODING TEST NUMBER 2
Absolute .Viscosity 
Sample * ■ Fore Volume of Efflux , TemperatureNo. . Injected _̂_ cp of
1 0.478 4.90 82
2 0.532 13.80 82
3 0.584 17.40 82
4 0.634 20.33 81
3 0.682 25.73 80
6 0.775 26.73 80
7 0.820 29.17 80
8 0.865 34.42 80
9 0.909 38.67 80
10 0.991 49.19 80
11 1.030 71.11 80
12 1.063 110.54 80
13 1.097 164.10 80
14 1.129 164.20 80
15 1.162 172.00 80
16 1.193 * 182.50 80
17 1.225 205.50 80
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Table 10
WATER EFFLUX VISCOSITY OF VISCOUS 
■WATER FLOODING TEST NUMBER 3
Sample For®- Volume Absolute Viscosity Temperature
No. Injected of Efflux- of
_____    - "" cp  __
1 0.3390 ft. 80 80
2  0 .3 8 2 8  6 .0 4  80
3 0.4270 7.25 80
4 0 .5 0 2 2  8 .1 9  80
5 0.5752 9.70 80
6 0.6A89 11.22 80
7 0.7260 13.95 80
8 0.7917 15.92 80
9 0.8616 24.84 80
10 0.9314 30.61 80
11 0.9987 52.97 80
12 1.0654 84.56 80
13 1 .1 3 0 2  123.51 80
14 1.1702 139.94 80
T 1155
Table 11
WATER EFFLUX VISCOSITY OF VISCOUS
WATER FLOODING TEST NUMBER 4
Absolute Viscosity Sample Fore Volume 0I- Effj-ux Temperature
No. Injected cp °F
1 -0.4727 3.09 80
2 0.5496 4.1? 80
3 0.6282 5.40 80
4 0.7076 6.20 80
5 0.7883 8.62 80
6 0.8670 14.89 80
7 0.9457 23.60 80
8 1 .0 2 3 2  36.57 80
9 1.1000 42.42 80
10 1.1768 50.04 80
11 1.2467 51.41 80
12 1.4149 77.38 80
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Table 12
WATER EFFLUX VISCOSITY OF VISCOUS 
WATER FLOODING TEST NUMBER 5
Sample rore Volume Absolute Viscosity Temperature
No. Injected. of Luflux OFcp
1 0 . 5 5 8 A 3.2 8 75
2 0 .62 5 7 5.2 7 75
3 0 . 6 9 H 7.A7 75
A 0 . 7 5 A 6 8.99 75
5 0.8162 13.1 A 75
K *o 0 . 8 7 A9 • 20.88 75
7 0 . 9 3 2 7 3 9 . 5 6 75
8 0.9883 66.96 75
9 1.0A25 9 8 . 0 2 75
10 I .096A 1 5 8 . 8 0 75
11 1.1232 1 7 5 . 5 8 75
T II55
FIGURE 1










a  e g
4 in
p  ; Fitting containing
oil-saturated porcelain * . disk ' ~ **
+  Cj|
IJs : Fitting containing i in




>̂to 1 mercury 
manometer
->to 2 mercury
>ma n orn e t e r 
_> t o 3 mercury
KH* manometer
to 4 mercury 
ti a n orn ete r
• o graduated b'ar-ettŝ .
? 1X55 37
FIGURE 2





OO % aturated Sandte








































































Polymer Solution Stirred for 3 Hours 
© Polymer Solution Stirred for l/2 Hour i
Temperature : !72 F
0*6
































+ 0.5 % Polymer Solution
( 3 hours stirred )
® : 0.5 cJo Polymer Solution





TEMPERATURE , . F
T 1155
FIGURE 7
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FIGURE 9 ' B 
Oil Recovery vs, Number 
of Pore 'Volumes Injected 
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